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Abstract 
The piezoelectric ceramic PZT, lead zirconate titanate, is the most spread material to generate ultrasound in medical and 
technical applications. Thereby frequencies between 30 MHz and 100 MHz require ceramic thicknesses between 50 μm and 20 
μm. The presented gas flow sputtering process permits to deposit PZT of this thickness with a sputtering rate of 100 nm/min at 
temperatures between 520°C and 550°C. The PZT shows a typical columnar structure with a piezoelectric coefficient d33f of 
about 500 pm/V. An example for the fabrication ultrasound arrays with this sputtering process and lithographic structuring is 
given. 
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1. Introduction 
The piezoelectric ceramic PZT, Pb(Zrx Tix-1)O3, shows a large piezoelectric coefficient and a good coupling 
factor. These specifications are essential for an effective generation of ultrasound and therefore PZT became the 
prevalent technical ceramic in medical and technical ultrasound applications. The preferred oscillation mode is the 
thickness mode, where the frequency of the generated sound is inversely proportional to the thickness of the ceramic. 
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This means that for high frequency medical ultrasound applications between 30 MHz and 100 MHz, the thickness of 
the PZT has to be about 50 μm to 20 μm. The high frequency ultrasound in medical diagnosis is limited to 100 MHz, 
because the penetration depth decreases to 2 mm. Nevertheless there are interesting medical applications like in 
dermatology, ophthalmology or the diagnosis of small animals in preclinical examinations which can profit from the 
better spatial resolution at higher frequencies. 
Common deposition technologies for PZT thin films are magnetron sputtering, P.Muralt et al. (1995), MOCVD, 
A.C. Jones et al. (1999), and Sol-Gel, H.Kueppers et al. (2002), but they are characterized by only low deposition 
rates and a maximum layer thickness in the range of several microns. The screen printing technique, R.A. Dorey et 
al. (2004), allows layers in the required range but the sintering temperature of at least 900°C leads to lead 
evaporation and diffusion into the silicon substrate. This process changes the stoichiometry of the ceramic and thus 
decreases the piezoelectric performance of the material. The so-called gas flow sputtering technique with hollow 
cathodes allows the deposition of thick PZT layers on silicon wafers with high deposition rates and piezoelectric 
coefficients comparable with bulk ceramics. The compatibility of this PVD process with MEMS technologies is 
demonstrated by the realization of high frequency ultrasound arrays on a silicon substrate. 
2. Experimental 
The PVD technique of gas flow sputtering, GFS, has been developed by Ishii, K. Ishii et al. (1989), and its 
characteristics are a hollow cathode glow discharge and a gas flow driven material transport. Figure 1 shows a 
schematic drawing of a gas flow sputter system. The cathodes or so-called targets are arranged perpendicular to the 
substrate. They are shaped like tubes or are two rectangular plates facing each other. In dependence of the width of 
the hollow cathode exists a pressure range, where the discharge current increases up to 3 orders of magnitude. This 
so called hollow cathode effect arises from the charge carrier confinement and merging of the negative glow from 
opposite cathode areas. A comparably high process pressure and therefore the high charge carrier concentration lead 
to a power density which enables a high plasma density and an intense sputter erosion of the target. Additional 
magnetic fields, as in magnetron configurations, are not necessary. A forced gas flow of the Ar working gas through 
the hollow cathode transports the sputtered material towards the substrate where it condensates to a film. The 
reactive sputtering of PZT, H. Jacobsen et al. (2007), is realized by feeding the reactive gas, here oxygen, shortly 
before the substrate. The substrate was an 8 inch silicon wafer, which was heated to process temperatures between 
520°C and 550°C and is linearly moved in front of the GFS source to support an equal growth of the PZT film over 
the complete wafer area. An additional task of the working gas flow is to keep the reactive gas from the targets 
within the hollow cathode to prevent the formation of insulating layers on the target surfaces (target poisoning). The 
stoichiometry of the deposited material can be adjusted by the relative size of the target surfaces. 
 
  
Fig. 1. schematic drawing of a gas flow sputter system. Fig 2. process flow for the ultrasound transducer fabrication. 
 F. Tiefensee et al. /  Physics Procedia  70 ( 2015 )  957 – 960 959
The structure of the PZT was determined with a XRD system from PANalytical, model X’pert MRD pro, and the 
piezoelectric constant d33,f of the films was directly measured by a double beam laser interferometer, DBLI, from 
aixACCT, model aixDBLI. 
In addition to the process development and optimization for the deposition of PZT films thicker than 20 μm, a 
further objective was to develop a MEMS compatible structuring technique for films of these thicknesses to fabricate 
high frequency ultrasound arrays. The arrays have been designed with finite element analysis. Each element of the 
arrays was calculated to be 400 μm long and the width was16 μm and 32 μm. The corresponding gaps between the 
elements were 4 μm and 8 μm. These two arrays should permit tests between 30 MHz and 100 MHz. The micro 
structuring of the PZT layers was performed with lithographic processes from MEMS technology. The design of the 
appropriate masks had to consider the geometry of 128 elements per array including the layout of contact pads and 
tracks. Because of the high aspect ratio of the gaps and the layer thickness, the array elements were structured 
indirectly by trenches in the silicon substrate. The most significant process steps for the fabrication of the ultrasound 
transducers are shown in figure 2. First a silicon wafer (a) has been thermally oxidized and a layer of polycrystalline 
silicon has been deposited (b). Next a trench structure, which corresponds to the gaps of the arrays, was etched by a 
DRIE process into the polycrystalline silicon (c). Hereafter the platinum bottom electrode including a thin titanium 
adhesive layer, T. Maeder et al. (1998), was deposited and structured by lift off (d). Then the PZT layer was 
sputtered (e). This layer was coated with a stack of metal layers, which were used as a hard mask for the opening of 
the thick PZT films, J.Baborowski et al.(2004), to free the contact pads of the bottom electrode (f) and to pattern the 
final top electrode layout (g). As a final step a backside window was etched into the silicon wafer under the area of 
the array to minimize the clamping of the oscillation (h). 
After the fabrication process the ultrasound transducers were separated in 11 mm x 11.7 mm array-chips by wafer 
dicing of the 8 inch substrate. Due to a random orientation direction of the ferroelectric domains in the 
polycrystalline PZT film, the material has no net polarization in the as-deposited state and is therefore not 
piezoelectric on macroscopic level. Thus every single array was polarized by applying an electrical field of 
E=1V/μm at a temperature of 210°C for 10min. The electrical field was maintained in the cooling phase, too. The 
electrical characterization of the array elements was performed with a network analyzer from Agilent Technologies, 
model E5071C, and the mechanical behavior of the array was analyzed with pulse/echo-measurements with the 
SASAM ultrasonic microscope from Fraunhofer IBMT. 
3. Results 
The sputtering and structuring technique described above was successfully applied for the fabrication of high 
frequency ultrasound arrays. Figure 3 shows an 8 inch silicon wafer with these ultrasound arrays. The SEM picture 
in figure 4 shows a view on 7 elements of a 128 element ultrasound array. The PZT layer is 26 μm thick, the gaps 
between the elements correspond to the lines on the surface and the silicon membrane under the array has a thickness 
of 21 μm. 
 
  
Fig 3. 8 inch silicon wafer with ultrasound arrays. Fig 4. detail of a high frequency ultrasound array. 
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The sputtering rate was 100 nm/min and sputtering temperatures have been between 520°C and 550°C. A plot of 
the DBLI measurement to determine the piezoelectric coefficient is shown in figure 5. The piezoelectric coefficient 
is equal to the slope of the displacement curve and the calculated d33f of 500 pm/V is in the range of PZT bulk 
material. The impedance measurement at array elements of a 26 μm thick PZT layer indicated a resonance frequency 
at 56.3 MHz. This frequency could be confirmed with the puls/echo measurements with a group of 10 elements 
shown in figure 6. The signal shows a good signal to noise ratio but the ringing is rather long implying a narrow 
bandwidth. 
 
  
Fig 5. DBLI measurement of a 26 μm PZT layer. Fig 6. pulse/echo-measurements of a group of 10 elements. 
4. Conclusions 
The sputtering of PZT by the gas flow sputtering technique permits the deposition of films thicker than 20 μm 
and large piezoelectric coefficients. The process temperature is low enough to minimize the lead diffusion from the 
PZT into a silicon substrate. Those specifications open the possibility to realize high frequency ultrasound arrays on 
silicon wafers for applications above 30 MHz. The feasibility was shown with MEMS structuring technique. The 
fabricated ultrasound arrays at 56.3 MHz have a small bandwidth and a good signal to noise ratio. The results are 
promising because the large piezoelectric coefficients, the thickness of the layers and the compatibility with MEMS 
fabrication technology enable new developments in high frequency ultrasound and micromechanical actuators. 
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